Introduction
The possibility of estimating relationships using various methods enables a more objective understanding of systematic criteria. As a rule, morphological, molecular, and cytogenetic methods are applied. Using additional methods provides a researcher with a wider range of tools and facilities confirming the results obtained earlier using another method. One of these methods is fractal analysis, which widens the possibilities of comparing objects with complicated relief and morphological characteristics. It is usually used to assess structural and relief surfaces of molecules (Lewis and Rees, 1985) and tissues (Parkinson and Fazzalari, 2000; Godzhaev, 2014) .
As some biological composites have complicated reliefs (in ichthyology, for example, these are scales and otoliths), it is possible to theoretically suppose that their morphological characteristics can provide new information on fish affinity. Thus, the character of polycrystalline relief of such an object may be used as a taxonomic tool. "Ear stones" in the auditory labyrinth, i.e. otoliths, are one of the versatile information objects in biology. Otoliths in fishes perform both auditory and vestibular functions (Jenkins, 1981; Popper and Fay, 1993; Popper and Platt, 1993; Campana, 1999; Campana and Thorrold, 2001; Popper et al., 2005; Mendoza, 2006) . Their macro-and micromorphological variability is associated with adaptation to the environment (Fernald, 1988; Gago, 1993; Ibsch et al., 1998; Mendoza, 2006) . Morphological characteristics of otoliths as receivers can change significantly depending on the acoustic conditions of the aquatic environment, the character of sound vibrations, and the specificity of their distribution. Macromorphological characteristics include variability of the otolith shape (Smale et al., 1995; Paxton, 2000; Volpedo and Echevarría, 2003; Volpedo et al., 2008) , whereas micromorphological characteristics are associated with the diversity of forms and organisation of a hierarchy of crystallised structures of the sensor surface (Lowenstam, 1981; Söllner, 2003; De Yoreo and Dove, 2004; Jitpukdee and Wannitikul, 2009) .
In recent years, the crystalline surface of biominerals has been of great interest for specialists in different disciplines. Mechanisms of the organisation and functional abilities of natural crystalline structures synthesised by an organism have not been completely understood yet (Huuskonen, 1999; Mount et al., 2004; Gilbert et al., 2005; Allemand et al., 2007) . There are unanswered questions related to the organisation of the otolith sensor area.
The main function of the crystalline surface in the sagittal otolith is the transfer of the primary acoustic signal to a certain analyser of the brain (Popper and Lu, 2000) . The signal spreads from the local area located in a certain section of the otolith proximal surface. The sulcus acusticus, which looks like a groove on the surface, is such an area for most species. Both the bottom of the sulcus acusticus and its walls bounding the area from the dorsal and ventral sides are covered with a specific microrelief structure. This structure is composed of crystals and calcium carbonate crystallites packed in conglomerates of variable shapes (Jitpukdee and Wannitikul, 2004) . Specialised nerve tissue-the sensor macula-attaches to the sulcus acusticus. The macula is known to transfer bundles of sensor hair cells-kinocilia and stereociliathrough the otolith membrane into the sulcus acusticus. Sensor cells stretch to the relief structures of the sulcus acusticus and sometimes to its walls. Crystalline and nerve tissues interact during different oscillations, thus irritating sensor cells against the structured surface (Popper et al., 2005) . The effect of group polarisation of cells occurs during friction of the sensor cells: on the surface of the sensor macula, there are clear areas with groups of cells lying unidirectional in each section. The direction of the cell location may differ in different sections. The combination of such sections is considered a polarisedmorphological pattern (Pitcher, 1986) .
So far, species uniqueness has been recorded only in the polarised sensor macula (Retzius, 1881) . The morphological pattern of the crystalline otolith tissues is supposed to be similar to the polarised-morphological macular pattern (Popper and Fay, 1993) . Thus, the whole complex consisting of the sensor macula and macular section of the otolith surface is morphologically species specific. However, each section of the crystalline surface, which is identical to a certain group of macula cells, looks like a hierarchy of geometric objects with different dimensions. The analysis of such sections is possible thanks to a mathematical approach that can describe a compound pattern in detail. Visual irregularity of the external microrelief formed by the otolith allows the otolith surface to be considered a fractal structure. Thus, fractal analysis helps understand the principle of the organisation of the structured pattern as it can describe the origin of the object's geometry.
Earlier, similar works demonstrated the possibility of differentiating the structured organisation of protein surfaces. This method also demonstrated macromolecular arrangement of different patterns (Lewis and Rees, 1985; Sharma et al., 1990) . Recent investigations have confirmed the principle of the structural composition of the fish scale on a fractal principle by atomic force (Godzhaev et al, 2014) .
The aim of the present study was to find similarity in the organisation of relief sections of the otolith macula on the basis of fractal analysis and to determine the scaled structures' differences in the relief patterns of different species.
Materials and methods
We analysed the otolith surfaces of closely related and distant species. We found obvious visual differences of micro-and macroforms of otoliths in the chosen species. A black grayling (Thymallus baicalensis from the family Thymallidae) and a dace (Leuciscus leuciscus from the family Cyprinidae) were used in the experiment as distant species that inhabit the littoral slope zone of Lake Baikal. Sandy and stony sculpins (Leocottus kesslerii and Paracottus knerii) inhabiting the shallow area of the lake from the shoreline up to a depth of 10 m in summer and 20 m in winter were chosen as closely related species. Unlike the first pair, these 2 species belong to the family Cottidae. Finding contrasting specific differences in this pair was difficult because of their close affinity and common acoustic space.
The species mentioned are common and numerous. They are not listed in the book of endangered species of the Irkutsk Region and the Baikal area. Fish for analysis were captured according to License No. 000042 issued for the fulfilment of Scientific Project No. 6.1.1.9, "Studies of genetic differentiation and ecological segregation of Baikal organisms using classical and molecular biology and mathematical modelling" (Head of the project: DY Sherbakov).
We analysed the digital images of the crystalline surface from the postrostrum and sulcus acusticus zone of the chosen species. The microrelief of the sulcus acusticus bottom was analysed in both grayling and stony sculpin. In sandy sculpin, we examined the microrelief of the sulcus acusticus bottom near the dorsal wall, whereas in dace, the microrelief of the cranial raphe of the utricular otolith was studied (Figure 1) .
Images of the otolith crystalline surface of all species were obtained using a scanning electron microscope (SEM Philips 525). Specimens were prepared according to the guidelines described by Secor et al. (1991) . Before scanning, we tuned the colours using the maximal number of tones of the greyscale regime. In the case of grayling and sandy and stony sculpins, the otolith was oriented in a standard manner on the stage: its proximal surface was parallel to the detector. In the case of dace, the ventral surface of the utricular otolith was scanned as this type of otolith in the family Cyprinidae contains a cranial raphe with well-expressed microrelief.
We used multifractal approximation as a mathematical model for the otolith crystalline surface. The validity of this approximation was confirmed by fast Fourier transform power spectra with flicker effect, as well as by calculation of continuous wavelet spectra with a treelike shape, characteristic of fractal structures. The flicker effect (steady form of power spectra) is evidence of the existence of the fractal structure of an image (Mandelbrot, 1983) . Multifractal models are successfully used for the description of the Earth's surface relief, phenomena of fluid seepage through pore media, and processes occurring on the surface of semiconductors.
To search for regularities in the organisation of otolith surfaces, the microcanonical method of multifractal spectra was applied (Knyazeva and Makarenko, 2009 ).
Based on the fact that the array was described with a multifractal model, the value or its proxy (in our case, we chose the maximal value) was calculated in the nearest area of the current point (3 × 3 points), and it was approximated by the power function (which was derived from the working hypothesis on the fractal surface). The Hölder exponent α resulted from the approximation for each point. Furthermore, points corresponding to each chosen interval of the Hölder exponent were left. The fractal dimension according to Hausdorff f h was estimated for the figure obtained. As a result, pairs of conjugate values formed a spectrum of "fractal dimension f h -Hölder exponent α". We used FracLab in our calculations.
Results and discussion
Total shape of the otoliths, shape of the ostium, and shape of the cauda that forms the sulcus acusticus were different in the chosen species. T. baicalensis had open ostium and cauda. The ostium and cauda of L. kesslerii were enclosed. P. knerii differed from other species by open ostium and closed cauda. The utricular otolith of L. leuciscus was completely different from other otoliths in shape and size (Figure 2 ). Preliminary analysis of the fractal structure of the patterns of the crystalline surface of the same species (P. knerii) (Figures 3a-3c ) obtained with different scales and in different areas of the otolith surface showed a uniform trend of the curve of the multifractal spectrum: the curve of all images is slightly concave (Figure 3d-3f) . This corresponds to the main principle of the fractal organisation of the structure: scale invariance. Only some detailed differences were marked: the concave parts of the curves cover the 1.5-3.2 (Figure 3d ) and 1.5-3.3 ( Figure  3e ) range of the Hölder exponent for an image of the postrostral otolith area with different magnification. The concave part of the sulcus acusticus bottom ranges from 1.5 to 3.4 of the Hölder exponent (Figure 3f) .
We distinguished the differences among the 4 species in morphological patterns and trends of the Hausdorff spectral curve. The following differences in the morphological patterns and behaviours of the spectral curves were noted.
In grayling (T. baicalensis), a typical sulcus acusticus contained rod-like elongate structures forming differentiated aggregations (Figure 4a ). The curve of the multifractal spectrum is strongly concave with rather low values of f h (α) within a certain interval of the Hölder exponent (Figure 4b ). The concave section positions along the x-axis from 0.9 to 2.5. A section of the curve along the x-axis within the 2.5-3.4 range exhibits significant differences of the spectrum's f h (α) values. Therefore, the curve looks broken and discontinuous.
In dace (L. leuciscus), the cranial raphe was represented by large conglomerates consisting of lumpy structures of different dimensions. The elements in these conglomerates were not densely packed, forming slit-like spaces between them (Figure 4c ). In the transition zone from the mineralised area to the ventral surface, the shape of conglomerate elements changed from small rounded to elongate ones. The curve of the multifractal spectrum consists of 2 straight sections connected with a short section within the 1.5-1.7 range of the Hölder exponent (Figure 4d ). The f h (α) values within the 1.0-3.5 range of the Hölder exponent are higher than those in the pattern curve for grayling. The pattern curve for dace ends within the 3.4-3.5 range.
In the sandy sculpin (L. kesslerii), the sulcus acusticus bottom was composed of characteristic elongate granular elements (Figure 4e ). The organisation of these elements into well-expressed conglomerates was visually weak. Sizes of the elements were significantly smaller near the border of the dorsal wall. The spectral curve is slightly concave (Figure 4f ). Unlike the grayling patterns, the concave section is shorter within the 1.5-3.0 range of the Hölder exponent. The curve section possesses high f h (α) values along the x-axis within the 2.5-3.5 range. This curve stretches along the x-axis to 3.5-3.7(-4.0). There are no breaks in the curve like in case of the grayling pattern.
In the stony sculpin (P. knerii), the microrelief was composed of rounded adhesive conglomerates of various dimensions (Figure 4g ). The spectral curve is slightly concave (Figure 4h ). Unlike the sandy sculpin, the curve within the 3.0-3.5 range of the Hölder exponent has the same f h (α) values. In the final range, there are no breaks in the curve, unlike that of grayling. Characteristics of the spectral curves were similar for closely related species P. knerii and L. kesslerii. This confirms their taxonomic affinity, as these species belong to the same family (Cottidae). Characteristics of the spectral curves of dace were close to those of the family Cottidae (P. knerii and L. kesslerii), with differences. Characteristics of the spectral curves of grayling were detached in comparison with the 3 species analysed ( Figure 5) .
While using the multifractal spectrum as a character of the surface, it is necessary to take into consideration the information this spectrum contains. Despite the continuous character of the spectrum, its parts describe different structures in the initial image.
The top of the spectrum near f = 2 and α = 0 describes smooth sections where intensity insignificantly changes from point to point. The region with f ≈ 1 describes linear objects and sharp edges of image details (for a smooth onedimensional line, f = 1). The f region between 1 and 2 is a region of random contours and textures. The f < 1 region represents discontinuous isle structures degenerating into dust at f → 0, the singularity index reaching its maximum. Deciphering of the spectrum helps correctly interpret its peculiarities. For example, the wide top of the spectrum shows the prevalence of smooth regions of the relief, whereas high f h values within the 3.0-4.0 range of the Hölder exponent demonstrate significant dominance of fine-dispersed and dusty structures (Turiel and Parga, 2000) . It is obvious that grayling possess fewer smooth, small, and dusty structures. As for dace and stony sculpin, the number of smooth structures is higher than in other species. However, they are larger in dace than in stony sculpin. Sandy sculpin differs from stony sculpin in diverse variations of small-dispersed and dusty structures.
Nonisotropy is a characteristic of the relief of the otolith surface. Therefore, the type of the spectrum depends on the projection direction. As mentioned above, during scanning under the microscope stage, the otoliths should be oriented in one direction; otherwise, the comparison of the results for different species will be incorrect.
The similarity in the trend of multifractal spectra of otoliths in the stony sculpin obtained from different regions of the crystalline surface and for different scales is obvious. This allows us to confirm that different scales of the image affect the results of the analysis insignificantly. In the stony sculpin, the curves of images of various scales of the same region (postrostral region) are concave within one range of values and stretch to the same level. As the pattern of the curve of the sulcus acusticus region is not different from those obtained for the out-of-macular zone of the same species, it is necessary to confirm the tendency of the general intraspecific conservatism of the organisation of relief structures.
Multifractal properties of the otolith surface are in agreement with the idea of formation of similar structures in nature (inanimate matter). During sophisticated self-regulating natural processes, e.g., orogenesis in the lithosphere or liquid seepage into a pore medium, momentary time imprinting of the process demonstrates fractal geometry (Feder, 1991; Isaeva, 2003) . It is likely that synthesis of the otolith relief in fish organisms is controlled in such a way that during the whole process of its formation the otolith tissue remains nonisotropic. This property is necessary for direction fixation of the receiving signal by the acoustic complex and for spatial orientation of fish.
The following conclusions can be drawn from this study:
1. The hierarchy of the otolith crystalline surface is organised according to the fractal principle.
2. Multifractal spectra of otolith crystalline surfaces in the 4 fish species chosen for the analysis were different. This confirms the hypothesis on the unique species organisation of the crystalline surfaces of biominerals.
3. Based on the characteristics of spectral curves of the species united in pairs, we may conclude that the closer the affinity is, the more common features are observed in the organisation of the external relief (stony and sandy sculpins). The longer the distance of taxonomic divergence (grayling and dace) is, the more significant the differences in multifractal spectra are.
Based on the data obtained, we may ascertain that fractal analysis allows us to identify the organisation of crystalline elements of otoliths and to rely on their fractal parameters, in particular the multifractal spectrum as a species characteristic.
